Magnaporthe oryzae Triticum pathotype in the United States. Plant Dis. 100:1979-1987. Wheat blast, caused by the Triticum pathotype of Magnaporthe oryzae, is an emerging disease considered to be a limiting factor to wheat production in various countries. Given the importance of wheat blast as a high-consequence plant disease, weather-based infection models were used to estimate the probabilities of M. oryzae Triticum establishment and wheat blast outbreaks in the United States. The models identified significant disease risk in some areas. With the threshold levels used, the models predicted that the climate was adequate for maintaining M. oryzae Triticum populations in 40% of winter wheat production areas of the United States. Disease outbreak threshold levels were only reached in 25% of the country. In Louisiana, Mississippi, and Florida, the probability of years suitable for outbreaks was greater than 70%. The models generated in this study should provide the foundation for more advanced models in the future, and the results reported could be used to prioritize research efforts regarding the biology of M. oryzae Triticum and the epidemiology of the wheat blast disease.
Triticum populations in 40% of winter wheat production areas of the United States. Disease outbreak threshold levels were only reached in 25% of the country. In Louisiana, Mississippi, and Florida, the probability of years suitable for outbreaks was greater than 70%. The models generated in this study should provide the foundation for more advanced models in the future, and the results reported could be used to prioritize research efforts regarding the biology of M. oryzae Triticum and the epidemiology of the wheat blast disease.
Wheat blast, caused by the Triticum pathotype of Magnaporthe oryzae (synonym Pyricularia oryzae Triticum pathotype), emerged as a new disease in northern Paraná, Brazil, in 1985 (Igarashi et al. 1986 ). On wheat, blast is primarily regarded as a head disease (Igarashi 1990) . Depending on the point and time of infection, symptoms on heads can vary from small elliptic lesions to partial or total spike bleaching, sterility, and empty spikes (Igarashi 1990; Igarashi et al. 1986 ). Despite reports (Aucique Perez et al. 2014; Igarashi 1990; Rios et al. 2013 ) describing blast lesions on wheat leaves, the prevalence of leaf lesions on severely affected commercial fields is currently disputed (Cruz et al. 2015) . However, M. oryzae has been found to cause leaf lesions on wheat at the vegetative stage, and also to sporulate on wheat basal leaves of adult plants (Cruz et al. 2015) .
Brazil produces spring wheat in the central, south-central, and southern climatic regions (Kochhann 1987) . The top producing states are Paraná and Rio Grande do Sul (CONAB 2015; Kochhann 1987) , which account for approximately 90% of the national annual wheat production (CONAB 2015) . Paraná and Rio Grande do Sul are located in the south-central and southern wheat-growing regions of Brazil (Kochhann 1987) and are considered natural habitats for M. oryzae Triticum. Historically, wheat blast outbreaks have sporadically occurred and caused the greatest yield and economic losses in northern and western Paraná (Alves and Fernandes 2006; Antunes da Cruz 2008; Igarashi 1988; Lima 2004) . In the southern wheat-growing region, temperatures during the winter are low and may fall below freezing during the growing season (Kochhann 1987) . In Rio Grande do Sul, wheat blast can occur in favorable microclimates without causing significant damage (Antunes 2014) and its incidence has been historically very low, possibly due to unsuitable temperatures for disease development (Antunes 2014; Lima 2004) .
The United States produces wheat in almost all of the 48 contiguous states. Climate, regional differences, and wheat classes influence wheat production and practices in the United States (Vocke and Ali 2013) . Two classes of U.S. wheat include winter and spring wheat (Vocke and Ali 2013) . Winter wheat varieties, which represent 70 to 80% of total U.S. wheat production, are sown in the fall to germinate and become established before entering a dormant phase during the winter (Vocke and Ali 2013) . Winter wheat is grown primarily in the Great Plains, the eastern states, and the states along the Mississippi River (Vocke and Ali 2013) . Spring wheat varieties are planted in the spring and harvested in late summer or fall (Vocke and Ali 2013) . Spring wheat is grown in the Northern Plains, where harsh winters would kill winter wheat during dormancy (Vocke and Ali 2013) .
Two phylogenetic relatives of M. oryzae Triticum, M. oryzae Lolium and M. oryzae Oryza, are already established in the United States (Farman 2002; Harmon and Latin 2003; Latin and Harmon 2004; Marchetti et al. 1976 ). M. oryzae Lolium and Oryza pathotypes are the causal agents of gray leaf spot of perennial ryegrass and rice blast, respectively, two diseases that have occurred at epidemic levels in the United States (Harmon and Latin 2003; Marchetti et al. 1976; Uddin et al. 2003a, b) . The environmental conditions that support disease development are similar among the M. oryzae Oryza, Lolium, and Triticum relatives (Anderson et al. 1947; de Andrade Cardoso et al. 2008; Uddin et al. 2003a ). However, in temperate regions, populations of the M. oryzae Lolium and Oryza pathotypes are reduced by winter conditions (Harmon and Latin 2003; Kapoor and Singh 1977; Latin and Harmon 2004) . For instance, wintertime freezing temperatures limit the survival of the M. oryzae Lolium pathotype in some U.S. areas Latin 2003, 2005; Latin and Harmon 2004) .
To date, South American strains of M. oryzae Triticum have not been detected in the United States. However, as a prelude to its possible introduction, models were required for preliminary risk evaluation of climate suitability for M. oryzae Triticum establishment and wheat blast outbreak. Climate suitability mapping is a type of predictive mapping that can identify areas where the climatic conditions may be suitable for a pathogen to persist from one season to another (i.e., establishment) (IPPC 2008; Yang 2003 Yang , 2006 and for disease development sufficient to cause economic loss or an epidemic greater than what would normally be expected (i.e., outbreak) (McMichael et al. 2003; Yang 2006) . Climate suitability maps can be developed using models relying on biological information derived from controlled experiments or from the observed geographic distribution of the pest (Fowler and Takeuchi 2012; Venette et al. 2010) . As a result, this research sought to compile epidemiological information about wheat blast in an effort to predict where M. oryzae Triticum might establish in the United States and where it might cause significant losses.
Materials and Methods
In this study, specific combinations of environmental conditions for M. oryzae Triticum inoculum buildup prior to wheat heading, infection at the heading stage, and overwintering survival of M. oryzae Triticum inoculum were deemed useful to predicting the estimated likelihood of M. oryzae Triticum establishment and wheat blast outbreak ( Fig. 1 ). The overlying assumption was that the establishment and outbreak processes were driven by the same components and equations but with different thresholds. Establishment was defined as environmental conditions that allowed the pathogen to persist from one season to another. Outbreaks were defined as environmental conditions that allowed for epidemics that caused commercial losses in wheat fields in specific years and locations. The wheat blast disease cycle was separated into the following three components: (i) M. oryzae Triticum inoculum buildup prior to heading (IB), (ii) M. oryzae Triticum infection during the heading stage (IH), and (iii) overwintering survival of M. oryzae Triticum inoculum during the growing season (OS) ( Fig. 1) . Components IB and IH were selected based on the premise that the wheat blast disease results from inoculum buildup prior to heading and infection of heads across fields. Conidia were considered to be the primary structures that M. oryzae Triticum uses for spread and infection at the rachis level. Stage OS was selected based on evidence that shows that phylogenetic relatives of M. oryzae Triticum are reduced by winter conditions in temperate regions (Harmon and Latin 2003; Kapoor and Singh 1977; Latin and Harmon 2004) . The IB and IH components were based on an infection model (i.e., multiple infection cycles lead to buildup of inoculum; Magarey et al. 2005) , as described below. In epidemiological research in Bolivia using a highly susceptible cultivar, infection of leaves led to spore production, new leaf infections, and new spores that served as a potential source of M. oryzae Triticum inoculum (C. D. Cruz and J. Kiyuna, unpublished) . Stage OS was defined by survival of inoculum and estimated from minimum daily temperatures #0°C extrapolated and adapted from published research (Harmon and Latin 2003; Latin and Harmon 2004) .
Probabilities for M. oryzae Triticum establishment were estimated and spatially explicit cumulative risk maps developed using the formula P e = IB w × IH x × OS, where P e was the probability of M. oryzae Triticum establishment in the contiguous United States; IB w was the probability of years suitable for inoculum buildup prior to heading, with a w threshold for inoculum buildup prior to heading associated with M. oryzae Triticum establishment; IH x was the probability of years suitable for infection at the heading stage, with an x threshold for infection at the heading stage associated with M. oryzae Triticum establishment; and OS corresponded to the probability of years suitable for M. oryzae Triticum inoculum overwintering based on the number of days below freezing. The equation used to predict wheat blast outbreaks was P o = IB w × IH x × OS, with w and x thresholds associated with wheat blast outbreaks (explained below).
Our climate-based mechanistic approach used the North Carolina State University/Animal and Plant Health Inspection Service Plant Pest Forecast (NAPPFAST) web-based modeling system (Magarey et al. 2005 . NAPPFAST linked georeferenced climatological data with biological templates for modeling. The biological templates in NAPPFAST included a generic infection model based on a temperature-moisture response function (TMRF) that used cardinal temperatures (minimum, optimal, and maximum temperatures = T min , T opt , and T max , respectively), wetness requirements for infection (minimum and maximum wetness = W min and W max , respectively), and a moisture requirement for splash dispersal (Magarey et al. 2005 . The NAPPFAST TMRF algorithm is I = W × f(T)/W min Magarey et al. 2005) , where I = infection score, W = wetness duration hours, f(T) = temperature response function, W min = minimum wetness duration requirement, and W max = maximum wetness duration requirement . In this study, M. oryzae Triticum's infection score has a maximum value of 2.0 equivalent to a value of W max /W min . The model also includes an optional precipitation requirement to account for the splash dispersal of spores. If precipitation on a given day does not meet the splash requirement, then the infection score for that day is zero. Infection values for components IB and IH included daily temperatures (T min = 10°C, T opt = 27.5°C, and T max = 32°C), leaf wetness duration (W min = 12 h and W max = 24 h), and precipitation for splash dispersal (>2 mm). Cardinal temperatures, wetness, and precipitation were obtained from published research (Alves and Fernandes 2006; Anderson et al. 1947; de Andrade Cardoso et al. 2008; Moss and Trevathan 1987 ). The NAPPFAST system processed daily weather data into infection potential using the TMRF function. Its built-in accumulate function was used to determine the number of days of a given event (i.e., infection or survival; ). To create spatially explicit cumulative risk maps, each grid cell was assigned a daily value for infection score between 0 (unfavorable) and 2 (favorable). Values were accumulated over time to obtain the infection score for components IB and IH, and days with temperatures #0°C for component OS. NAPPFAST generated three types of risk maps based on a specific model and specified dates: (i) average history maps showing the average accumulated value based on 10 years of weather data, (ii) probability maps showing the frequency of suitable years above or below a specific threshold, and (iii) accumulated values for a specific year .
To select thresholds for the model, we developed climate suitability maps for Paraná and Rio Grande do Sul showing the average infection score during the growing season, infection score during heading, and days with temperatures #0°C during the growing season. Maps were constructed using the built-in accumulate function from NAPPFAST to display the number of accumulated events, from which thresholds were selected empirically. NAPPFAST generated these risk maps at a resolution of 38 km (1,444 km 2 ) (Magarey et al. 2011; Saha et al. 2006) . Regional growing season dates for Paraná and Rio Grande do Sul were 15 April to 30 August and 15 June to 15 October, respectively (Junges and Fontana 2009 ). Regional heading dates for Paraná and Rio Grande do Sul were 1 June to 30 August and 1 August to 15 October, respectively (Junges and Fontana 2009 ). Maps were based on the average values obtained from 10 years of National Centers for Environmental Prediction Climate Forecast System Reanalysis climate data for Paraná and Rio Grande do Sul. M. oryzae Triticum is established in Paraná and Rio Grande do Sul but wheat blast outbreaks have historically occurred in northern and western Paraná. This knowledge provided an opportunity to empirically select thresholds associated with M. oryzae Triticum establishment or wheat blast outbreaks. To discern quantitative differences between wheat blast outbreaks in northern and western Paraná and M. oryzae Triticum establishment in Rio Grande do Sul in relation to components IB and IH, we compared and contrasted the average accumulated infection scores ( Fig. 2A and B). We tested these thresholds by creating model outputs using weather data for individual years. Two types of model outputs were calculated. First, accumulated infection maps for individual years were created for years where observation data were available. Second, probability maps were created by calculating the frequency of years that a grid cell was above the derived thresholds for outbreaks and establishment. The resulting model outputs were compared with historical observations of years in recent history when wheat blast outbreaks occurred in northern and western Paraná in 1987 , 2004 (Alves and Fernandes 2006 Antunes da Cruz 2008; Igarashi 1988; Lima 2004; Torres et al. 2009) or did not occur during 2003, 2005, 2006, 2007, and 2010 (Fig. 3) . Because field-level wheat blast disease progress data were not available for general model validation, historical reports of regional outbreak and nonoutbreak years were used for model validation. The model validation tested whether the thresholds derived from the average history maps would correctly predict outbreak and nonoutbreak years. Model scores were extracted from 38 and 23 locations in Paraná and Rio Grande do Sul, respectively, where spring wheat is grown. Locations in Paraná included major wheat production municipalities historically prone to blast development. It was presumed that, during outbreak years, outbreaks occurred in all 38 locations in northern and western Parana and the opposite occurred for all nonoutbreak years. Locations in Rio Grande do Sul included major wheat production municipalities across the state historically unsuitable for blast development (EMATER 2013).
To estimate M. oryzae Triticum establishment and wheat blast outbreaks in the United States, we adapted the models according to agroecological conditions there (Fig. 1) . Our climate suitability models targeted winter wheat production areas within the contiguous 48 U.S. states. Winter and spring wheat cultivars grown in the United States can be susceptible to various M. oryzae Triticum isolates (Cruz et al. 2012; Cruz et al. 2016) (G. Peterson, unpublished) . However, based on the closely related M. oryzae Lolium pathotype behavior in the United States (Harmon and Latin 2005) , low winter temperatures would likely preclude survival of M. oryzae Triticum in the northern United States where spring wheat is widely grown (Vocke and Ali 2013) . Consequently, we extrapolated a threshold for M. oryzae Triticum inoculum overwintering from M. oryzae Lolium. The geographic range and transition zone of M. oryzae Lolium in the United States Latin 2003, 2005; Landschoot and Hoyland 1992; Latin and Harmon 2004; Pedersen et al. 2000; Schumann and Jackson 1999; Uddin et al. 1999; Wong 2006) were used to estimate a threshold for the number of days #0°C that could limit M. oryzae Triticum survival. Based on those data, U.S. maps of the average number of accumulated days with daily temperatures #0°C during the wheat-growing season were generated using 10 years of daily weather station data and a three-dimensional interpolation to a resolution of 10 km (100 km 2 ) (Magarey et al. 2011) . A threshold was selected based on the approximate geographic range (northern boundary of transition zone) of gray leaf spot on perennial ryegrass in the United States Latin 2005, 2003; Landschoot and Hoyland 1992; Latin and Harmon 2004; Pedersen et al. 2000; Schumann and Jackson 1999; Uddin et al. 1999; Wong 2006) , and this was used to generate a map showing the probability of years suitable for M. oryzae Triticum overwintering based on 10 years of weather data (Fig. 4) .
A U.S. climate suitability map was created based on the components calibrated from model outputs in South America and the geographic range of M. oryzae Lolium. To account for the geographic variation in dates of winter wheat phenological stages, the United States was divided into three major groups or tiers (Table 1) . Representative major wheat-producing states (USDA 2013) included Texas and Oklahoma (tier 1), Kansas (tier 2), and South Dakota and North Dakota (tier 3). We used dates for usual wheat active growth after winter dormancy, and dates for usual heading to delineate the tiers (Table 1) (Hall and Nleya 2012; Paulsen 1997; Royer 2010; Weisz 2013) . Any counties in these tiers that grew winter wheat (USDA-NASS 2009) were selected and exported to GIS (ArcGIS Desktop Release 10.1; Environmental Systems Research Institute, Redlands, CA).
According to agroecological conditions in the United States, it was assumed that M. oryzae Triticum infections during the 60 days prior to heading generated the inoculum for head infections (Fig. 1) . These 60 days correlated with Feekes developmental stage 4 in representative U.S. states for each tier (Hall and Nleya 2012; Large 1954; Paulsen 1997; Royer 2010; Weisz 2013) . In order to identify areas of the United States where wheat was grown that would have the environmental conditions necessary to support establishment and outbreak, it was assumed that the pathogen was present. This was done because strains of M. oryzae Triticum have never been detected in the United States. Using the equations described above and the NAPPFAST system, maps were developed showing the probabilities of years suitable for establishment and outbreaks. These probability maps were created using the thresholds derived above. Given that estimated probability values of the climate suitability risk for M. oryzae Triticum establishment or wheat blast outbreak (i.e., the frequencies of suitable years) were discrete, a discrete distribution based on the proportion of each class was selected as a way of representing the climate suitability risk for M. oryzae Triticum establishment or wheat blast outbreak. Cell (pixel) counts were obtained from climate Fig. 3 . Validation of model components using historical reports of outbreak (*) and nonoutbreak years for Paraná (38 locations historically prone to wheat blast) and Rio Grande Do Sul (23 locations historically unsuitable for wheat blast). The box plot shows 2, 25, 50, 75, and 98th percentiles of the accumulated events for A, inoculum buildup; B, infection at the heading stage; and C, overwintering survival. suitability maps from the three tiers (data not shown). Cell counts only included data from final climate suitability maps that considered winter wheat presence.
Results
Validation of model thresholds. The model thresholds were estimated from average history maps for each component. Based on extrapolations from Rio Grande do Sul (Fig. 2) , an infection score threshold for M. oryzae Triticum infection prior to heading (i.e., inoculum buildup) of $6 was necessary for M. oryzae Triticum establishment ( Fig. 2A-RS) . Based on extrapolations from northern and western Paraná, an infection score threshold of $12 was necessary for wheat blast outbreak ( Fig. 2A-PR) . Based on Paraná and Rio Grande do Sul, an infection score threshold for M. oryzae Triticum infection at the heading stage of $2 was selected for both M. oryzae Triticum establishment and wheat blast outbreak (Fig. 2B) . A surrogate threshold of $1 day with temperatures #0°C was selected for M. oryzae Triticum overwintering in Brazil (Fig. 2C) .
The reliability of the thresholds was tested for each component and state against historical observations of outbreak and nonoutbreak years. The model score for each location and each year was extracted from the predictive maps ( Supplementary Fig. S1 ) and displayed against the threshold values for each component (Fig. 3) . For infection prior to heading in Paraná (Fig. 3A.) , the mean accumulated events for inoculum buildup were above the outbreak threshold value of 12 for all outbreak years; for all nonoutbreak years, those accumulated events were below 12. The predictive maps for outbreak years 1987, 2004, and 2009 were consistent with historical outbreak development in northern and western Paraná. In Rio Grande do Sul, the mean accumulated events for inoculum buildup were below the outbreak threshold value of 12 for all outbreak and nonoutbreak years. Instead, accumulated infection values were consistently close to 6, the threshold for establishment. In Paraná, the mean accumulated infection events at the heading stage were above the outbreak threshold value of 2 for all outbreak years; for all nonoutbreak years, those accumulated events were below 2. In Rio Grande do Sul, the mean accumulated infection events at heading were above the outbreak threshold value for all outbreak and nonoutbreak years. In Paraná, the mean accumulated events for temperatures #0°C was approximately zero across all years whereas, in Rio Grande do Sul, it was greater than one across all years. During outbreak years, Rio Grande do Sul showed lower infection events prior to heading and higher accumulated days with temperatures less than 0°C than in northern and western Paraná.
A second test of the thresholds was to create probability maps for Rio Grande Do Sul and Parana ( Supplementary Fig. S2 ). When the multiplication rule (Vose 2008) was implemented for the three components and according to appropriate thresholds for each component, the model predicted outbreaks in Paraná with a probability between 0.2 to 0.7 or less, typically 0.4 (2 to 7 years or less out of 10 were suitable, with an average of 4 years out of 10). The model predicted outbreaks in Rio Grande do Sul with a probability of 0.1 or less.
U.S. risk maps. The probability of M. oryzae Triticum establishment and wheat blast outbreak in the United States varied dramatically by location. For approximately 60% of the winter wheat production areas within the contiguous 48 U.S. states, the probability of M. oryzae Triticum establishment was zero (Fig. 5A ). In the remaining 40% of the winter wheat production areas, climatic conditions allowed M. oryzae Triticum establishment in a range from 1 in 10 years (P = 0.1) to 9 in 10 years (P = 0.9); in any given probability (P) category, 0.08 or less of the winter wheat production area was at risk. Areas with climatic conditions suitable for M. oryzae Triticum establishment (P $ 0.1) were located in the following states: Alabama, Arkansas, Delaware, Florida, Georgia, Illinois, Indiana, Iowa, Kansas, Kentucky, Louisiana, Maryland, Michigan, Mississippi, Missouri, Nebraska, New Jersey, North Carolina, Ohio, Oklahoma, Pennsylvania, South Carolina, Tennessee, Texas, Virginia, and West Virginia (Fig. 5A) . For approximately 75% of the winter wheat production areas in the contiguous 48 U.S. states, the probability of wheat blast outbreak was zero (Fig. 5B ). In the remaining 25%, climatic conditions suitable for wheat blast outbreak occurred from 1 in 10 years (P = 0.1) to 8 in 10 years (P = 0.8). Areas with climatic conditions suitable for wheat blast Fig. 4 . Probability of occurrence of 105 or more freezing days in a 10-year period based on weather data from the NAPPFAST North American daily station dataset. Magnaporthe oryzae Triticum is expected not to survive in the red area if it follows the epidemiology of the M. oryzae Lolium pathotype. Likewise, M. oryzae Triticum overwinter survival will not likely be limited in the white area, and may or may not be limited in some years in the transition area between red and white. outbreak (P $ 0.1) were located in the following states: Alabama, Arkansas, Florida, Georgia, Illinois, Indiana, Kansas, Kentucky, Louisiana, Mississippi, Missouri, North Carolina, Ohio, Oklahoma, Pennsylvania, South Carolina, Tennessee, Texas, Virginia, and West Virginia (Fig. 5B ). However, only in Louisiana, Mississippi, and Florida was the probability of years suitable for outbreaks P $ 0.7.
Discussion
Our validation of thresholds for each model component using locations in Brazil (Fig. 3) showed a clear distinction between locations in northern or western Paraná and Rio Grande do Sul. Historically, wheat blast outbreaks have sporadically occurred and caused the greatest yield and economic losses in northern and western Paraná (Alves and Fernandes 2006; Antunes da Cruz 2008; Igarashi 1988; Lima 2004) . Our results showed that, for locations in northern and western Paraná, no limitation for inoculum buildup, infection at heading, and inoculum overwintering survival existed during outbreak years. The opposite occurred during nonoutbreak years, when a combination of limitations for inoculum buildup or infection during heading existed. For locations in Rio Grande do Sul, limitations for inoculum buildup and inoculum overwintering survival existed for all years; however, no limitation for infection at the heading stage existed. With this level of consistency, we concluded that the thresholds for each component were precise in predicting conditions suitable for M. oryzae Triticum establishment across locations in Rio Grande do Sul and blast outbreaks across locations in northern and western Paraná.
We acknowledge that caution should be taken when using the proposed overwintering component in Brazil, due to the lack of direct M. oryzae Triticum data to prove cause and effect with respect to sensitivity to freezing days and freezing temperatures in Rio Grande do Sul. Nevertheless, it has been reported that, in Brazil, wheat blast outbreaks occur with higher frequency at warmer latitudes (i.e., less than 24°South) (Alves and Fernandes 2006) . Our results suggest that there is a transition zone where temperatures during winters can fall below 0°C. These temperatures could well be associated with the absence of wheat blast outbreaks in Rio Grande do Sul. In order to corroborate these findings, it will be important to analyze climatic data and to more closely monitor and compare M. oryzae Triticum populations from Paraná and Rio Grande do Sul. In addition, a direct extrapolation of the models used to estimate M. oryzae Triticum establishment or wheat blast outbreak from Brazil to the United States was not possible due to the major agroecosystem differences between these two countries. The model components were selected, calibrated, and validated on an agroecosystem corresponding to a single plant hardiness zone in the states of Paraná and Rio Grande do Sul, Brazil (Del Ponte et al. 2015; Kochhann 1987; Magarey et al. 2008 ). However, the contiguous 48 U.S. states encompassed a larger and more complex agroecosystem, with nine plant hardiness zones (Magarey et al. 2008 ), on which various classes of wheat are grown based on climate and regional differences. As discussed above, our climate suitability risk models only targeted winter wheat production areas in the United States in contrast to the spring wheat areas commercially grown in Brazil. Thus, a direct extrapolation of all components and thresholds for each component would have been unreasonable.
According to our results, the potential distribution of M. oryzae Triticum and the wheat blast disease in the United States are likely to be limited by specific temperatures and precipitation requirements for infection and extreme low temperatures that might limit M. oryzae Triticum overwintering survival. Based on the closely related M. oryzae Lolium behavior in the United States, low winter temperatures would likely preclude survival of M. oryzae Triticum in the northern United States (Fig. 4) . Our climate-based mechanistic approach predicted that most of the winter wheat areas suitable for M. oryzae Triticum establishment or wheat blast outbreak were in the southeastern United States. Rice blast is endemic in southern rice-producing states and has been reported in Arkansas, Louisiana, Texas, Mississippi, Florida, and South Carolina (Greer and Webster 2001; Marchetti et al. 1976; Moldenhauer et al. 2005) . Although the disease does not occur every year, a summary of historical extension reports indicates that rice blast reaches damaging levels in unsprayed rice plots 25% and 13% of years for Arkansas, and Louisiana respectively (E. DeWolf, personal communication). The riceproducing regions of southeastern Texas have also experienced multiple outbreaks of rice blast in the last 5 years. This corroborates our findings for southern states, where we predict wheat blast outbreaks to be frequent. In addition, winter wheat areas predicted as suitable for M. oryzae Triticum establishment or wheat blast outbreak were also identified in restricted areas in the Great Plains, Midwest, and Northeast of the United States (Fig. 5 ). With the threshold levels selected, we conclude that the climate within the contiguous 48 U.S. states was more suitable for establishment of M. oryzae Triticum populations than to support wheat blast outbreaks.
Our climate-based mechanistic approach should be of value to the development of more sophisticated models. Modelers should consider that, in this study, the generic infection model template of NAPPFAST used daily weather data ). These data were processed into infection potential and the built-in accumulate function calculated the total number of times an event (e.g., infection) occurred. Nonetheless, the major limitation of using daily data as opposed to hourly or subhourly data is that M. oryzae infection processes occur over a smaller temporal scale than a day (Howard et al. 1991) . The generic infection model might not have examined the influence of the duration and timing of wetness interruptions. A simulation model based on hourly weather inputs (Bregaglio et al. 2013; Kang et al. 2010 ) may provide a better estimate for disease development. Important components of such an advanced model could include inoculum buildup as influenced by temperature and humidity, host phenological susceptibility as estimated from observations or a degree-day model, and the number of infection periods during heading. Other factors such as host resistance and inoculum buildup in the previous season may be critical. Validation of a model based on hourly weather data might be hampered by the lack of detailed weekly observations of disease progress. Therefore, additional studies based on weekly observations of leaf and head blast incidence and severity from planting to heading will be required during outbreak and nonoutbreak years. If such a model could be built, there is potential to include it in services that provide pest forecasts to growers such as the Integrated Pest Information Platform (Isard et al. 2015) .
The accuracy and predictive ability of our models should be improved and the uncertainty resulting from insufficient information reduced as we gain a more complete understanding of the biology of M. oryzae Triticum and the epidemiology of the wheat blast disease. The results reported in this article could be used to prioritize research efforts regarding the biology of M. oryzae Triticum and the epidemiology of wheat blast. Additionally, the climate suitability risk maps developed in this study might be useful for designing future M. oryzae Triticum surveillance systems. Once the most likely routes for M. oryzae Triticum entry into the United States are defined, the probability of favorable years for establishment and outbreak obtained in this study will be a critical component. Moreover, a pathway risk assessment could be of benefit for phytosanitary purposes to help identify areas with imminent risk of M. oryzae Triticum establishment or wheat blast outbreak in the United States. M. oryzae Triticum is a potential threat to U.S. wheat production. M. oryzae Triticum is a seedborne pathogen (Goulart and Paiva 1990; Goulart and Paiva 1991; Goulart and Paiva 1993) and, consequently, contaminated seed or grain can be the vehicle of its introduction to nonendemic countries. For example, a consortium of livestock producers on the East Coast of the United States imported 126,000 and 268,000 t of Brazilian wheat grain during 2009 and 2010, respectively (USDA 2013), indicating that a pathway for introduction existed between the two countries.
